Introduction {#sec1}
============

Peatlands only cover approximately 3% of the Earth's land surface, but store up to \~30% of the terrestrial carbon and thus play a critical role in global carbon cycling ([@ref77]; [@ref50]). *Sphagnum*-dominated peatlands are widely distributed in the northern hemisphere ([@ref63]; [@ref33]; [@ref73]). *Sphagnum* mosses maintain their dominance through high competition for cation exchange ([@ref67]) and inhibition of growth of other plants attributed to H^+^ release ([@ref73]; [@ref40]). Due to the dominance and widespread occurrence of *Sphagnum*, the growth of mosses is directly linked to the ecological function of peatland ecosystems.

As the phylogenetically oldest land plant on the Earth, rootless mosses interact with microorganisms ([@ref53]) and form highly specific microbiomes ([@ref54]; [@ref8], [@ref7]). Recently, *Sphagnum*-associated microbiomes have been demonstrated to greatly affect the growth and health of host mosses ([@ref73]; [@ref40]). For example, symbiotic methanotrophs and diazotrophs in *Sphagnum* have been confirmed to significantly contribute to CH~4~ consumption in peatlands, CO~2~ and nitrogen supply for *Sphagnum* growth ([@ref38], [@ref37]; [@ref11], [@ref9]; [@ref5]). Moreover, microbial methane oxidation potential differs among different parts of submerged and non-submerged *Sphagnum* ([@ref59]), which may suggest the difference of microbial communities in different parts of *Sphagnum*. Indeed, bacterial 16S rRNA gene copy numbers and community compositions vary between the green part (living part doing the photosynthesis) and the brown part (dying part submerging into the water) of *Sphagnum* ([@ref75]). These results have stimulated a series of investigation about *Sphagnum* microbiomes ([@ref10], [@ref7]) and have expanded our knowledge about the interactions between mosses and microbiomes in peatland ecosystems.

Belowground microbial communities, the drivers of elemental cycling in peatland ecosystems, have also been investigated across different climatic zones, such as high-latitude regions ([@ref4]; [@ref42]; [@ref57]), tropical rainforest swamps and peatlands ([@ref32]; [@ref34]; [@ref49]). A common finding is that microbial communities in peatland ecosystems are mainly composed of several phyla such as Acidobacteria and Proteobacteria ([@ref24]; [@ref1]). Despite the common dominant taxa in different peatlands, the correlations between microbial communities and environmental factors vary. For instance, water table is demonstrated to influence on the structure of microbial communities ([@ref31]; [@ref43]; [@ref49]) or their alpha diversity ([@ref15]; [@ref69]; [@ref80]) in peatlands. pH has been reported to affect soil bacterial communities globally ([@ref3]) as well as peat microbial communities ([@ref26]; [@ref47]; [@ref68]). Other environmental factors such as temperature and nitrogen content ([@ref57]), organic matter content, moisture, and phosphorus ([@ref22]) also show their impact on microbial communities in peatland ecosystems.

Due to the limited distribution and accessibility of peatlands in subtropical areas, microbiomes remain enigmatic particularly those related to different microhabitats, i.e., different parts of *Sphagnum*. We hypothesize that (1) peatland bacterial microbiome in subtropical region may share the common dominant taxa with other peatland ecosystems but vary among different microhabitats; (2) water table may be one of the most important factors shaping bacterial microbiome in *Sphagnum* peat samples.

To test our hypothesis, the structures of microbial communities from *S. palustre* peat, *S. palustre* brown part, and *S. palustre* green part were investigated via 16S rRNA gene Illumina sequencing and the relationships between bacterial communities and environmental factors were taken into account. The aim of this study was to investigate bacterial communities, especially the above and belowground *Sphagnum*-associated communities in a subtropical peatland. The specific goals were to examine (1) the structure (diversity and composition) of bacterial communities in different microhabitats, and (2) the relationship between peat bacterial communities and environmental factors in the Dajiuhu Peatland.

Materials and Methods {#sec2}
=====================

Study Area and Sampling {#sec3}
-----------------------

The Dajiuhu Peatland (31°24′ \~ 31°33′N, 109°56′ \~ 110°11′E), located in the Shennongjia Forestry District, Hubei province, central China ([Figure 1A](#fig1){ref-type="fig"}), is a typical subalpine peatland with a surface area of about 16 km^2^ and 1,730 m a.s.l. The mean annual precipitation and temperature are 1,560 mm and 7.2°C, respectively ([@ref30]). Organic matter is abundant due to the low temperature and high water table ([@ref76]). Vegetation in the peatland is mainly characterized by *Carex argyi*, *C. capillacea*, *S. palustre*, *Sanguisorba officinalis*, and *Euphorbia esula* with shrubs grown on patches of dry land, which divide the peatland into several small sections. The details of vegetation patterns and hydrological characteristics about the study area have been described previously ([@ref29]; [@ref46]).

![Location of study area **(A)** and sampling sites **(B)** in the Dajiuhu Peatland, Hubei province, central China. **(C)** *S. palustre* brown part and *S. palustre* green part.](fmicb-10-01661-g001){#fig1}

Samples were collected from four sites in the core area of the Dajiuhu Peatland, which are Erhaoba (EHB), Niangniangfen (NNF), and two sites at Yangluchang (YLC) with different water table ([Figure 1B](#fig1){ref-type="fig"}) in July 2016. Water table is expressed with negative number when it is below the peat surface and *vice versa*. At each site, *S. palustre* peat (0--5 cm) and *S. palustre* were collected in triplicates. Underlying *S. palustre* peat samples were stored in 50-ml sterile centrifuge tubes and *S. palustre* samples were placed in sterile plastic bags. All samples were transported to the geomicrobiology laboratory at China University of Geosciences (Wuhan) on dry ice within 12 h. *S. palustre* brown part and *S. palustre* green part were cut off aseptically according the color identification in the laboratory. In total, 36 samples \[3 replicates × 3 microhabitats (*S. palustre* peat, *S. palustre* brown part, and *S. palustre* green part) × 4 sites\] were examined. Visible plant roots, litter, and debris were removed from peat samples. Half of each peat sample was stored at 4°C for chemical analysis and the other half was stored at −20°C for DNA extraction.

Physicochemical Analysis {#sec4}
------------------------

*S. palustre* peat samples (approx. 20 g) were dried at 50°C for 24 h to measure the water content. One half of each dried peat sample was ground to 200-mesh after fumigation with concentrated HCl ([@ref28]), and analyzed for total organic carbon (TOC) and total nitrogen (TN) with a Vario EL III Elemental Analyzer (Elementar, Germany). The other half was converted to ash at 550°C for 3 h to measure the organic matter content. Peat samples weighing 5 g were sonicated in deionized water (1:4 w/v ratio) for 15 min, followed by 20 min of shaking at 200 rpm. The suspension was centrifuged at 5,000 g for 5 min ([@ref22]) and the pH of the supernatant was measured with a multi-parameter water quality detector (HACH, Loveland, CO). The supernatant was filtered through 0.22-μm membrane and the filtrate was analyzed for major anions and cations using an ICS-600 ion chromatograph ([@ref78]).

DNA Extraction, PCR, and Illumina Sequencing {#sec5}
--------------------------------------------

*S. palustre* samples were cut into two parts ([Figure 1C](#fig1){ref-type="fig"}) according to color identification and were designated as SB for *S. palustre* brown part and SG for *S. palustre* green part, respectively. The samples were rinsed three times with sterile distilled water for 5 min each time to remove adhesive debris before DNA extraction. Approximately 0.5 g of frozen-dried samples were subjected to DNA extraction with the PowerSoil DNA Isolation Kit (QIAGEN, Düsseldorf, NW) following the manufacturer's instruction ([@ref75]). Total DNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and 1% agarose gel was used to check the DNA quality. The V3 and V4 regions of microbial 16S rRNA were amplified using the primers 347F (5′-CCTACGGRRBGCASCAGKVRVGAAT-3′) and 802R (5′-GGACTACNVGGGTWTCTAATCC-3′) ([@ref13]). After amplification, PCR products were purified and quantified by Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA). DNA libraries were validated by Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), and then applied to Illumina MiSeq sequencing with 2 × 300 bp paired-end at GENEWIZ, Inc. (Suzhou, China).

Data Processing {#sec6}
---------------

The raw sequences obtained from MiSeq reads were demultiplexed through the barcode sequences and processed with Quantitative Insight Into Microbial Ecology (QIIME 1.9.1 version) pipeline ([@ref14]). The sequences of an individual sample were identified based on their unique barcode, which subsequently went through the removal of primers and barcodes, and paired-end assembly. The high-quality sequences were determined based on (1) absence of any ambiguous base "N", (2) length \> 200 bp, and (3) base quality score \> 20 in a sliding window. The chloroplast was removed and the chimeric sequences were identified using the UCHIME algorithm ([@ref21]). The clean sequences were classified into operational taxonomic units (OTUs) by UCLUST ([@ref20]) based on 97% sequence similarity and singletons (OTUs with only one sequence in all samples) were filtered out. Taxonomic category assignment was conducted with representative sequences at a threshold of 0.8 in the Ribosomal Database Program classifier ([@ref16]), followed by annotation with SILVA 119 database. All the samples were resampled to the same number of reads (29,549) using mothur ([@ref61]) prior to statistical analysis.

The original 16S rRNA sequence data have been deposited in the NCBI Sequence Read Archive[^1^](#fn001){ref-type="fn"} under the accession number PRJNA512496.

Statistical Analysis {#sec7}
--------------------

One-way analysis of variance (ANOVA) was used to test the microhabitat (*S. palustre* peat, *S. palustre* brown part, and *S. palustre* green part) impact on alpha diversity and the relative abundance of different taxa in SPSS 18.0. Principal coordinate analysis (PCoA) based on Bray-Curtis distance metrics was conducted to visualize the community dissimilarity among the samples and recognize key factors driving variations of community structure. Permutational multivariate analysis of variance (PERMANOVA) with the Bray-Curtis and Jaccard distances matrixes was used to compare the dissimilarity degree of community among groups. PCoA coupled with PERMANOVA quantified the differences of *S. palustre* peat communities based on Bray-Curtis distances. Beta diversity analysis was performed using "vegan" package in R (v. 3.4.1). The indicator species in different microhabitats were identified via linear discriminant analysis effect size (LEfSe) ([@ref62]). Regression model between water table and alpha diversity in *S. palustre* peat was performed in R (v. 3.4.1) "basicTrendline" package. The correlations between environmental factors and bacterial communities were revealed by redundancy analysis (RDA) using Canoco 5 ([@ref6]).

Results {#sec8}
=======

Geochemistry of *S. palustre* Peat {#sec9}
----------------------------------

The geochemical properties of *S. palustre* peat samples are listed in [Supplementary Table S1](#SM1){ref-type="supplementary-material"}. All peat samples were acidic, with pH ranging from 5.35 to 6.70, and significant differences were observed (*α* = 0.05) among the four sampling sites ([Figure 2](#fig2){ref-type="fig"}). Overall, the moisture and organic matter content (OM) were high (69.16--89.95% and 60.87--97.72%, respectively), and total nitrogen (TN) was low (1.03--2.17%) in all samples. Concentrations of ${NO}_{3}^{-}$, Na^+^, and Ca^2+^ were significantly higher in samples at the first site of Erhaoba (EHB1) (mean 79.29 mg kg^−1^ ${NO}_{3}^{-}$, 39.26 mg kg^−1^ Na^+^, and 148.84 mg kg^−1^ Ca^2+^) than those of samples at the first site of Niangniangfen (NNF1) (mean 16.56 mg kg^−1^ ${NO}_{3}^{-}$, 13.59 mg kg^−1^ Na^+^, and 15.60 mg kg^−1^ Ca^2+^). Temperature (23.1--30.3°C) and water table (−8 to 0 cm) varied among *S. palustre* peat samples.

![Physicochemical properties of *S. palustre* peat samples in the Dajiuhu Peatland. WT, water table; OM, organic matter; TN, total nitrogen; C/N, the ratio of total organic carbon to total nitrogen. EHB1, the first site of Erhaoba; NNF1, the first site of Niangniangfen; YLC2, the second site of Yangluchang; YLC6, the sixth site of Yangluchang. Negative values of WT represent belowground levels. Bars indicate the standard deviation (*n* = 3) except WT. Lowercase letters represent significant differences at 95% confident interval as indicated by ANOVA.](fmicb-10-01661-g002){#fig2}

Alpha and Beta Diversities of Bacterial Microbiome {#sec10}
--------------------------------------------------

In total, 2,849 OTUs were recovered after quality control and resampled (archaea and unclassified excluded) ([Supplementary Table S2](#SM1){ref-type="supplementary-material"}). Alpha diversity was the highest in *S. palustre* peat samples, followed by *S. palustre* brown part. The *S. palustre* green part showed the lowest alpha diversity as indicated by OTU richness, ACE index, and Shannon index ([Figure 3A](#fig3){ref-type="fig"}). Shannon diversity of bacterial communities was statistically different between *S. palustre* peat and *S. palustre* (*α* = 0.05), and between *S. palustre* brown part and *S. palustre* green part (*α* = 0.05).

![*Sphagnum*-associated bacterial communities. **(A)** Alpha diversity of 16S rRNA genes in different microhabitats. Box plots show the maximum and minimum, median, first (25%) and third (75%) quartiles observed values in each dataset (*n* = 12). Data were analyzed by the one-way ANOVA with Tukey's HSD *post hoc* comparisons. The test statistical values of F (DFn, DFd) are shown at the right top of each graph. Significant differences (*p* \< 0.05) across groups are indicted with lowercase letters. **(B)** The principal coordinate analysis (PCoA) plots based on the weighted Bray-Curtis metrics among samples. Ellipses indicate 95% confidence level. **(C)** Dominant phyla (relative abundance \>5%) and corresponding classes' distribution in different microhabitats. **(D)** Numbers of mutual OTUs and unique OTUs in each microhabitat. Unclassified and archaea OTUs are removed. Acido, Acidobacteria; Actino, Actinobacteria; Alpha, Alphaproteobacteria; Beta, Betaproteobacteria; Cyano, Cyanobacteria; Delta, Deltaproteobacteria; Gamma, Gammaproteobacteria. SP, *S. palustre* peat; SB, *S. palustre* brown part; SG, *S. palustre* green part.](fmicb-10-01661-g003){#fig3}

PCoA revealed a clear clustering pattern of bacterial communities at the OTU level according to different microhabitats of *S. palustre*. PCoA1 and PCoA2 in Bray-Curtis matrix explained 34.91% and 17.50% of the variance, respectively ([Figure 3B](#fig3){ref-type="fig"}). Bacterial communities between any two microhabitats were significantly (*α* = 0.05) different as indicated by PERMANOVA both at the OTU and phylum levels. However, fewer differences were observed among sampling sites ([Table 1](#tab1){ref-type="table"}).

###### 

PERMANOVA indicating dissimilarities of bacterial community among different microhabitats and sampling sites.

  Distance        Bray-Curtis   Jaccard                                                                                                                                                        
  --------------- ------------- ------------------------------------------- -------- ------------------------------------------- -------- ------------------------------------------- -------- -------------------------------------------
  Microhabitat                                                                                                                                                                                 
  SP vs. SB       7.56          0.003[^\*\*^](#tfn2){ref-type="table-fn"}   7.738    0.003[^\*\*^](#tfn2){ref-type="table-fn"}   4.980    0.003[^\*\*^](#tfn2){ref-type="table-fn"}   5.964    0.003[^\*\*^](#tfn2){ref-type="table-fn"}
  SP vs. SG       21.65         0.003[^\*\*^](#tfn2){ref-type="table-fn"}   32.163   0.003[^\*\*^](#tfn2){ref-type="table-fn"}   11.813   0.003[^\*\*^](#tfn2){ref-type="table-fn"}   21.248   0.003[^\*\*^](#tfn2){ref-type="table-fn"}
  SB vs. SG       9.988         0.003[^\*\*^](#tfn2){ref-type="table-fn"}   21.511   0.003[^\*\*^](#tfn2){ref-type="table-fn"}   6.572    0.003[^\*\*^](#tfn2){ref-type="table-fn"}   14.184   0.003[^\*\*^](#tfn2){ref-type="table-fn"}
  Sampling site                                                                                                                                                                                
  EHB1 vs. NNF1   1.006         1.000                                       0.018    1.000                                       1.151    1.000                                       0.171    1.000
  EHB1 vs. YLC2   0.954         1.000                                       2.045    0.798                                       1.067    1.000                                       1.912    0.696
  EHB1 vs. YLC6   3.077         0.126                                       2.778    0.390                                       2.489    0.114                                       2.530    0.312
  NNF1 vs. YLC2   1.269         1.000                                       3.020    0.408                                       1.344    1.000                                       2.614    0.378
  NNF1 vs. YLC6   3.109         0.108                                       2.994    0.372                                       2.671    0.048[^\*^](#tfn1){ref-type="table-fn"}     2.961    0.222
  YLC2 vs. YLC6   3.081         0.036[^\*^](#tfn1){ref-type="table-fn"}     4.967    0.042[^\*^](#tfn1){ref-type="table-fn"}     2.497    0.066                                       4.474    0.018[^\*^](#tfn1){ref-type="table-fn"}

*PERMANOVA, permutational multivariate analysis of variance; SP, S. palustre peat; SB, S. palustre brown part; SG, S. palustre green part; EHB1, the first site of Erhaoba; NNF1, the first site of Niangniangfen; YLC2, the second site of Yangluchang; YLC6, the sixth site of Yangluchang. F, test statistic; *p*'s are corrected by false discovery rate (FDR)*.

*p ≤ 0.05*,

*p ≤ 0.01*.

Taxonomic Composition of Bacterial Microbiome {#sec11}
---------------------------------------------

In total, 30 bacterial phyla and 41 classes were identified across all samples, and dominant taxa varied among different microhabitats ([Figure 3C](#fig3){ref-type="fig"}). In *S. palustre* peat samples, the majority of reads were assigned to Acidobacteria and Alphaproteobacteria. While in *S. palustre* brown part samples, Alphaproteobacteria and Gammaproteobacteria were the dominant taxa. In *S. palustre* green part, Cyanobacteria and Alphaproteobacteria dominated the microbial communities. The relative abundance of Alphaproteobacteria and Cyanobacteria decreased from SG (24.21 ± 10.28 and 47.36 ± 21.05%) to SB (23.14 ± 6.82 and 9.61 ± 6.98%) and further to SP (20.79 ± 6.00 and 0.49 ± 0.22%) ([Supplementary Table S3](#SM1){ref-type="supplementary-material"}). In contrast, Acidobacteria, Betaproteobacteria, and Deltaproteobacteria showed the opposite trend, which significantly increased from SG (5.45 ± 2.35, 2.68 ± 1.27% and 0.62 ± 0.40%) to SB (16.20 ± 7.59, 4.32 ± 1.85 and 2.57 ± 1.89%) and further to SP (25.62 ± 6.76, 6.08 ± 3.74 and 6.17 ± 2.84%). Acidobacteria and Deltaproteobacteria (ANOVA, *p* \< 0.05) were significantly enriched in *S. palustre* peat samples. While in *S. palustre* green part samples, Cyanobacteria (ANOVA, *p* \< 0.05) was significantly different compared to that in *S. palustre* peat and *S. palustre* brown part.

Indicator Groups for Different Microhabitats {#sec12}
--------------------------------------------

The overview of OTU distribution among different microhabitats showed that 1,244 OTUs were shared by three microhabitats ([Figure 3D](#fig3){ref-type="fig"}). *S. palustre* peat and *S. palustre* brown part shared the most OTUs (1,821), followed by that in *S. palustre* brown and green parts (1,561). The least OTUs (1,270) were shared between *S. palustre* peat and *S. palustre* green part. About 407 of the total OTUs were exclusively observed in *S. palustre* peat as compared to *S. palustre* brown part (202 OTUs) and *S. palustre* green part (76 OTUs) ([Figure 3D](#fig3){ref-type="fig"}).

The LEfSe analysis was conducted to identify indicator groups in different microhabitats ([Figure 4](#fig4){ref-type="fig"}). In *S. palustre* peat samples, 17 indicator species were identified which belonged to the phyla Acidobacteria, Bacteroidetes, Chloroflexi, and Nitrospirae, classes Acidobacteria, Dehalococcoidia, Nitrospira, Betaproteobacteria and Deltaproteobacteria. The indicator genus was *Candidatus Solibacter* in peat samples. In *S. palustre* brown part samples, 12 indicator species were enriched which were affiliated with the phylum Actinobacteria, classes Actinobacteria and Gammaproteobacteria. *Afipia*, *Serratia*, and *Pseudomonas* were indicator genera in the *S. palustre* brown part. In *S. palustre* green part samples, six indicator groups were enriched which fell into the phylum Cyanobacteria, class Cyanobacteria, order Rhodospirillales, family Acetobacteraceae, and genera *Edaphobacter* and *Acidiphilium*.

![Indicator groups analysis of bacterial communities in different microhabitats of *S. palustre* with LDA SCORE \> 3.5 **(A)** and taxonomic cladogram **(B)** through linear discriminant analysis effect size (LEfSe). Nodes from inside to outside represent the phylogenetic levels from phylum to genus, respectively. Yellow nodes represent taxa that do not significantly discriminate among microhabitats. Significant discriminant taxa of *S. palustre* peat, *S. palustre* brown part, and *S. palustre* green part are highlighted in red, brown, and green, separately. The dimension of nodes is positively correlated with the relative abundance of taxon. Abbreviations are described in [Figure 3](#fig3){ref-type="fig"}.](fmicb-10-01661-g004){#fig4}

Correlations Between Physicochemical Characteristics and *S. palustre* Peat Bacterial Communities {#sec13}
-------------------------------------------------------------------------------------------------

Alpha diversity (OTU richness, ACE and Shannon indices) showed a significant correlation with water table as indicated by regression models (*p* \< 0.05) ([Figures 5A](#fig5){ref-type="fig"}--[C](#fig5){ref-type="fig"}). Water table and total nitrogen were found to significantly affect microbial communities in *S. palustre* peat samples as indicated by RDA analysis ([Figure 5D](#fig5){ref-type="fig"}), which explained 51.3% and 22.1% of the variation, respectively. Bacterial communities from the NNF1 were positively correlated with total nitrogen and negatively correlated with water table, whereas those from the sixth site of Yangluchang (YLC6) were positively correlated with water table ([Figure 5D](#fig5){ref-type="fig"}). Specifically, Bacteroidetes (*r* = 0.922, *p* \< 0.01) and Chloroflexi (*r* = 0.683, *p* \< 0.05) were positively correlated with water table, whereas Acidobacteria (*r* = −0.751, *p* \< 0.01) and Actinobacteria (*r* = −0.751, *p* \< 0.01) were negatively correlated with water table ([Supplementary Table S4](#SM1){ref-type="supplementary-material"}). Bacteroidetes (*r* = −0.613, *p* \< 0.05) were negatively correlated with total nitrogen ([Supplementary Table S4](#SM1){ref-type="supplementary-material"}). Briefly, the structure of bacterial communities in *S. palustre* peat altered from low water table NNF1 (−8 cm) to high water table YLC6 (0 cm) ([Supplementary Figure S1](#SM1){ref-type="supplementary-material"} and [Supplementary Table S5](#SM1){ref-type="supplementary-material"}).

![Relationship between water table and alpha diversity of bacterial communities from *S. palustre* peat samples **(A--C)** and redundancy analysis showing the relationships between environmental factors and bacterial communities from *S. palustre* peat samples **(D)**. Significant levels (*p* \< 0.01) are marked with red asterisk based on permutation test (*n* = 1,000). Abbreviations of environmental factors and sampling site are the same as those in [Figure 2](#fig2){ref-type="fig"}.](fmicb-10-01661-g005){#fig5}

Discussion {#sec14}
==========

Variation of Bacterial Microbiome Among Microhabitats {#sec15}
-----------------------------------------------------

Generally, bacterial communities are mainly composed of several dominant phyla in a wide range of soil types as well as in peatlands, e.g., Proteobacteria, Acidobacteria, Bacteroidetes, Actinobacteria, and Firmicutes ([@ref25]; [@ref35]; [@ref65]). Our results with Proteobacteria and Acidobacteria as the dominant peat microbial taxa were consistent with those in other peatlands ([@ref41]; [@ref2]; [@ref18]).

Alpha diversity changed across microhabitats in our study. For example, a remarkable loss of alpha diversity (e.g., Shannon index from 7.02 in SB to 4.78 in SG) and decrease in total and specific OTUs (from 2,340 in SB to 1,633 in SG, and 202 in SB to 76 in SG, respectively) ([Figures 3A](#fig3){ref-type="fig"},[D](#fig3){ref-type="fig"}) were observed from *S. palustre* brown part to *S. palustre* green part which clearly showed a microhabitat differentiation. This differentiation was also confirmed by the clustering of community structure based on PCoA ([Figure 3B](#fig3){ref-type="fig"}).

These changes may closely relate to the specific cell types in green part and brown part of *Sphagnum*. *Sphagnum* green part consists of live photosynthetic cells (chlorocytes) and *Sphagnum* brown part composes of dead and water-filled hyaline cells (hyalocytes). Hyalocytes allow free movement of solutes or microorganisms in and out ([@ref59]; [@ref64]), and further resulted in higher biodiversity of microbial communities in *Sphagnum* brown part. In contrast, microbial colonization in *Sphagnum* green part is strictly selected by chlorocytes ([@ref54]; [@ref8]), thus decreased microbial community diversity.

Moreover, the difference in the trophic status may also lead to the changes of bacterial microbiome in different microhabitats. The ratio of Proteobacteria to Acidobacteria has been used as an indicator of nutrient status in soil ecosystems ([@ref66]) as well as in different peatlands ([@ref26]; [@ref68]). As a cosmopolitan taxon in acidic environments, Acidobacteria is able to grow under oligotrophic conditions ([@ref58]; [@ref19]; [@ref1]). Proteobacteria are usually associated with higher carbon availability according to the copiotroph-oligotroph theory ([@ref23]; [@ref45]). Thus, a higher ratio of Proteobacteria to Acidobacteria would indicate nutrient-rich conditions, or *vice versa*. Generally, species richness and microbial diversity increase with the improvement of nutritional status in peat sediments ([@ref68]). In our study, the ratio of Proteobacteria to Acidobacteria was 1.52 ± 0.38, 3.02 ± 1.03, and 7.08 ± 1.78 in *S. palustre* peat, *S. palustre* brown part, and *S. palustre* green part, respectively, indicating a relative nutrient-poor condition in *Sphagnum* peat compared with those in *Sphagnum* mosses. However, bacterial diversity decreased from *S. palustre* peat to *S. palustre* green part. This discrepancy was also observed previously ([@ref75]), which may result from the strict selection to microbiomes by mosses.

Besides variations in microbial diversity across microhabitats, indicator taxa also varied ([Figure 4](#fig4){ref-type="fig"}), which might indicate the microbial preference to specific microhabitats and the variation in microbial potential functions. *Candidatus Solibacter* affiliated with Acidobacteria are the indicator taxa in *S. palustre* peat, which were reported to be capable of utilizing various carbon sources, and reducing nitrate and nitrite under oligotrophic conditions ([@ref72]) and further adapt to the acidic peatlands ([@ref34]). In this study, all the peat samples were acidic (pH: 5.35--6.70) with a low content of total nitrogen (1.03--2.17%), which may favor the growth of *Candidatus Solibacter* and thus result in their dominance. *Serratia* and *Pseudomonas* belonging to Gammaproteobacteria are the indicator groups in *S. palustre* brown part. *Serratia* were reported to be typical dwellers of *Sphagnum* plants in peat bogs ([@ref52]; [@ref4]) and the major antagonists in *S. fallax* ([@ref55]). Moreover, the isolated endophytic bacteria with high antagonistic potential were also confirmed to be *Serratia* and *Pseudomonas* in *Sphagnum* mosses ([@ref64]). Therefore the dominance of *Serratia* and *Pseudomonas* in *S. palustre* brown part may associate the antagonistic potential of *Sphagnum*. *Acidiphilium* and *Edaphobacter* are the indicator species in *S. palustre* green part. *Acidiphilium* affiliated with Alphaproteobacteria are obligate acidophilic chemoorganotrophic bacteria ([@ref51]) and produce zinc-bacteriochlorophyll (Zn-BChl) a only under aerobic conditions ([@ref27]). Compared with Mg-BChl a, Zn-BChl a is more stable and has advantages in photosynthesis under acidic environments. *Edaphobacter* are obligate aerobic and heterotrophic organisms, which may prefer neutral to slightly acidic environments and be isolated from a co-culture with a methanotrophic bacterium ([@ref39]). Hence, the enriched *Acidiphilium* and *Edaphobacter* in *S. palustre* green part may benefit the growth of *Sphagnum*.

Water Table and Total Nitrogen Shape Bacterial Communities in *S. palustre* Peat {#sec16}
--------------------------------------------------------------------------------

Multiple environmental factors have been demonstrated to affect peat microbial communities, e.g., water table ([@ref43]; [@ref49]; [@ref15]; [@ref69]; [@ref80]), pH ([@ref26]; [@ref47]), temperature ([@ref56]), organic matter ([@ref22]), and C/P ratio ([@ref48]).

Our results showed that the decrease of water table altered alpha diversity of bacterial communities (OTU richness, ACE and Shannon indices) in *S. palustre* peat. Alpha diversity significantly (regression models, *p* \< 0.05) correlated with water table ([Figures 5A](#fig5){ref-type="fig"}--[C](#fig5){ref-type="fig"}). These changes of community diversity were probably related to the differences in peat physicochemical properties ([@ref44]; [@ref80]). In our study, the decrease of TOC and increase of TN content with water table decrease supported the perspective ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}) and matched with observations reported from other peatlands ([@ref68]; [@ref69]). Interestingly, the alpha diversity presented a unimodal correlation with water table change and higher value was observed at the oxic-anoxic interfaces (−5 cm). Microbial activities and diversity could be enhanced at the oxic-anoxic interface, in which the alteration of electron donors and acceptors often happens with the fluctuation of water table ([@ref12]; [@ref17]). Besides the changes in alpha diversity, water table also significantly altered the composition and structure of bacterial communities ([Supplementary Figure S1](#SM1){ref-type="supplementary-material"}). The decrease in water table could influence community structure via several ways: altering the oxic-anoxic interface, increasing peat decomposability, and the bulk density of surface peat ([@ref31]; [@ref69]). In our study, with the decrease of water table from YLC6 (0 cm) to EHB1 (−5 cm) or YLC2 (−5 cm) to NNF1 (−8 cm), more oxygen could penetrate into *Sphagnum* peat and increase the thickness of aerobic layer, which leads to the increase of the relative abundance of Actinobacteria, Alphaproteobacteria, and Gammaproteobacteria, and decrease of the relative abundance of Deltaproteobacteria and Chloroflexi ([Supplementary Table S5](#SM1){ref-type="supplementary-material"}). Previous studies also show that with the decrease of water table, the relative abundance of Alphaproteobacteria and Gammaproteobacteria increases in a tropical peatland ([@ref49]), whereas Deltaproteobacteria decrease in bogs and fens ([@ref69]). These results are consistent with ours in the Dajiuhu Peatland. Furthermore, the variation of water table affects microbial functional groups. For example, heterotrophic Actinobacteria can degrade recalcitrant polymeric substances such as lignin, chitin, pectin, aromatics, and humic acids ([@ref36]) under aerobic conditions and thus thrive in oxic layers in acidic peatlands ([@ref31]). Lower water table also significantly increased the relative abundance of aerobic Methylocystaceae (methanotrophs) ([Supplementary Table S5](#SM1){ref-type="supplementary-material"}), which may further impact CH~4~ emission in peatland ecosystems ([@ref43]; [@ref80]). In contrast, anaerobes such as Chloroflexi favor a higher water table.

Total nitrogen also significantly affected peat bacterial communities. Nitrogen is usually limited in boreal peatlands, especially *Sphagnum*-dominated peatlands ([@ref74]; [@ref71]). *Sphagnum* mosses can obtain nitrogen via their symbiotic microbes, e.g., *Bradyrhizobium*, *Beijerinckia*, *Burkholderia*, *Pseudomonas*, *Sphingobacterium*, and methanotrophs (*Methylobacterium* and *Methylocella*) as well as Cyanobacteria ([@ref11], [@ref9]). After death, *Sphagnum* mosses can serve as important N-sources in peatland ecosystems, which can be converted to different N forms, e.g., NH~4~^+^ ([@ref70]) under aerobic conditions, thus increasing the bioavailability of nitrogen ([@ref60]). In contrast, anaerobic conditions resulting from higher water table would lead to the rapid immobilization of nitrogen, thus decreasing microbial activity ([@ref79]).

Conclusion {#sec17}
==========

In the present study, we confirmed that bacterial microbiome in the Dajiuhu Peatland, a subtropical peatland, shared the dominant bacterial phyla such as Proteobacteria and Acidobacteria with other peatlands. The microhabitats were found to play a fundamental role in the structure of bacterial microbiome from *S. palustre* peat to *S. palustre* brown part and further to *S. palustre* green part. Community richness and alpha diversity were the highest in *S. palustre* peat and the lowest in *S. palustre* green part. Distinctive indicator groups identified in each microhabitat also supported our hypothesis about microhabitat differentiation driving the variations of bacterial microbiome. Cell types in different parts of *Sphagnum* may account for the difference in their bacterial microbiome. Water table and total nitrogen shaped the bacterial communities in *S. palustre* peat. These results enhance our understanding about microbial variation among microhabitats in subalpine peatland ecosystems. However, microbial function variations across different microhabitats needed to be investigated in near future.
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